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Proteolytic cleavage of proBDNF into mature BDNF
in the basolateral amygdala is necessary for
defeat-induced social avoidance
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Brain-derived neurotrophic factor (BDNF) is essential for memory processes. The present study tested whether proteolytic
cleavage of proBDNF into mature BDNF (mBDNF) within the basolateral amygdala (BLA) regulates the consolidation of
defeat-related memories. We found that acute social defeat increases the expression of mBDNF, but not proBDNF, in the
BLA /central amygdala. We also showed that blocking plasmin in the BLA with microinjection of ay-antiplasmin immedi-
ately following social defeat decreases social avoidance 24 h later. These data suggest the proteolytic cleavage of BDNF

in the BLA is necessary for defeat-induced social avoidance.

[Supplemental material is available for this article.]

Brain-derived neurotrophic factor (BDNF), a member of the neu-
rotrophin family, has been identified as a critical molecule under-
lying synaptic plasticity and memory formation (Bramham and
Messaoudi 2005). BDNF, like other neurotrophins, is produced
from a large, precursor protein called proBDNF (Yang et al.
2009). ProBDNF requires proteolytic cleavage by plasmin to gener-
ate mature BDNF (mBDNF) (Mowla et al. 1999; Pang et al. 2004;
Je et al. 2012). ProBDNF preferentially binds to the pan-neurotro-
phin receptor p75 (p75N"™), whereas mBDNF binds to receptor ty-
rosine kinase TrkB (Woo et al. 2005). While neuronal release of
endogenous proBDNF promotes apoptosis (Lee et al. 2001; Teng
et al. 2005), the mBDNF-TrkB pathway has been implicated in
neuronal growth and survival (Schecterson and Bothwell 1992;
Liu et al. 2003). Together, proBDNF and mBDNF and their recep-
tors play bidirectional roles in modulating cell survival and synap-
tic plasticity, and these opposing actions have led to the “yin and
yang” model of neurotrophin activity (Lu et al. 2005).

In the “yin and yang” model, proBDNF represents the “yin”
or negative aspect of synaptic plasticity. Treatment of hippocam-
pal slices with proBDNF enhances NMDA receptor-dependent
long-term depression (LTD) (Pang et al. 2004). In contrast,
mBDNF plays a critical role in long term potentiation (LTP) via ac-
tivation of TrkB receptors and represents the “yang” or positive
aspect of synaptic plasticity (Bramham and Messaoudi 2005;
Minichiello 2009). Cleavage of proBDNF into mBDNF is also an
important mechanism underlying memory processes. Applica-
tion of ay-antiplasmin, an endogenous compound that inhibits
plasmin and thus decreases the cleavage of proBDNF into mBDNF,
blocks the induction of LTP in rat hippocampal slices (Mizutani
et al. 1996). Furthermore, infusion of ay-antiplasmin into the
basolateral complex of the amygdala (BLA) prior to fear condition-
ing significantly reduces fear-potentiated startle (Ou and Gean
2007). These findings indicate an important role for the opposing
actions of proBDNF and mBDNF, and that proteolytic cleavage of
proBDNF is required for learning and memory.
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Rodent models of acute social defeat provide an ethologically
relevant context in which to investigate the mechanisms underly-
ing amygdala-dependent learning. The defeat-induced changes in
agonistic behavior that characterize the conditioned defeat re-
sponse in Syrian hamsters require neural plasticity in the BLA
(Jasnow et al. 2005; Markham and Huhman 2008; Day et al.
2011). Similarly, the acquisition and expression of Pavlovian
fear conditioning requires neural plasticity in the BLA (Fanselow
and Kim 1994; Maren et al. 1996; Josselyn et al. 2001; Rodrigues
et al. 2001). Also, BDNF signaling at TrkB receptors in the BLA
shortly after treatment is essential for the acquisition of condi-
tioned fear and the effects of acute social defeat stress in Syrian
hamsters (Rattiner et al. 2004; Taylor et al. 2011). Models of chron-
ic social defeat in mice have identified BDNF signaling in the nu-
cleus accumbens (NAc) as central for defeat-induced social
avoidance, although the mechanisms controlling social avoid-
ance following acute social defeat in mice are unknown. In the
present study, we used a mouse model of acute social defeat to in-
vestigate whether the conversion of proBDNF into mBDNF within
the BLA regulates the consolidation of defeat-related memories.
We tested the hypotheses that acute social defeat would increase
the expression of proBDNF and mBDNF in the BLA and central
amygdala (CeA) complex, and that blocking the conversion of
proBDNF into mBDNF in the BLA would disrupt defeat-induced
social avoidance.

We first analyzed the expression of proBDNF and mBDNF
protein levels in the BLA/CeA after acute social defeat. Mice
(C57BL/6; Harlan Laboratories) were subjected to acute social de-
feat stress using a resident-intruder model adapted from the social
defeat literature in Syrian hamsters (Huhman et al. 2003; McCann
etal. 2014; Clinard et al. 2015). Social defeat training consisted of
three, 2-min aggressive encounters in the home cage of a novel
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Proteolytic cleavage of BDNF and social defeat

CD1 resident aggressor mouse with 2-min intertrial intervals in
the subjects’ home cage. Animals were euthanized 1 or 2 h follow-
ing social defeat or empty cage exposure, and tissue punches were
collected bilaterally from the BLA/CeA. Western blot assays for
proBDNF and mBDNF were performed as previously described
(Mou et al. 2009). A detailed Methods section is provided as
Supplemental Material. For proBDNF, there was no significant
main effect of defeat (F(;37)=0.29, P=0.60) or time (F(1,37) =
1.51, P = 0.23); there was also no significant defeat x time interac-
tion (F(1,37y = 0.25, P = 0.62) (Fig. 1A). For mBDNF, there was a sig-
nificant main effect of defeat (F(; 35y = 5.20, P = 0.03) but no main
effect of time (F( 35 = 0.001, P = 0.97); there was also no signifi-
cant defeat x time interaction (F( 35 = 0.01, P = 0.91) (Fig. 1B).
Taken together, these data indicate that acute social defeat stress
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Figure 1. Effects of social defeat on pro- and mature BDNF expression in
the BLA/CeA complex. (A) Social defeat has no effect on the expression of
proBDNF in the BLA/CeA complex. (B) Social defeat increased the expres-
sion of mMBDNF in the BLA/CeA complex both 1 and 2 h after defeat.
*Indicates a main effect of social defeat (P < 0.05). Protein samples
were incubated overnight at 4°C with rabbit antiBDNF (1:1000, Santa
Cruz Biotechnology). The optical densities of pro- and mature BDNF
bands were normalized to the corresponding B-actin band for each
sample. Results are expressed as mean percentages of home cage
control values (£ SEM). Blots have been cropped for clarity to create rep-
resentative gel patterns.
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increased the expression of mBDNE, but not proBDNF, in the
BLA/CeA complex both 1 and 2 h after defeat.

If the conversion of proBDNF into mBDNF in the BLA is nec-
essary for defeat-induced social avoidance, then infusion of a plas-
min inhibitor such as aj-antiplasmin following social defeat
should impair social avoidance. In the following experiment, sub-
jects were bilaterally infused with a,-antiplasmin (300 ng) or vehi-
cle into the BLA immediately following social defeat. No-defeat
controls also received bilateral infusions of a,-antiplasmin (300
ng) or vehicle immediately following their final empty cage expo-
sure. This post-training time point was chosen in order to target
the early stages of memory consolidation. Social avoidance test-
ing occurred 24 h after defeat and was modeled after both con-
ditioned defeat testing in Syrian hamsters and social avoidance
testing in mice (Huhman et al. 2003; Golden et al. 2011;
McCann et al. 2014; see Supplemental Material). We found a
significant drug x defeat interaction for the total time spent
in the nest zone during the target present trial (F(; 47 = 4.68,
P =0.036; Fig. 2B). Defeated animals that were given saline spent
more time in the nest zone compared with defeated animals given
az-antiplasmin, whereas control animals did not differ. Similarly,
there was a significant drug x defeat interaction for the total time
spent in the interaction zone (F(; 47, = 4.70, P = 0.035; Fig. 2C).
Defeated, saline-treated animals spent less time in the interaction
zone compared with defeated, drug-treated animals, whereas
control animals did not differ. We also quantified the number
of physical contacts subjects made with the stimulus box and
found a main effect of both drug (F 47 = 5.89, P=0.019) and
defeat (F(1 47 =11.40, P=0.001) although the interaction
(F1,47y = 1.65, P=0.205) did not reach statistical significance
(Fig. 2D). During the target absent trial, there were no significant
differences in time spent in the nest zone, interaction zone, or
physical contacts with the stimulus box (P > 0.05). Because no
significant differences were found during the target absent trials,
the differences in behavior observed during the target present
trials were a result of the CD1 animals’ presence and not pre-
existing dispositions of subjects. Overall, these data indicate
that az-antiplasmin treatment immediately following social de-
feat prevented defeat-induced social avoidance and suggest that
conversion of proBDNF into mBDNF in the BLA by plasmin is nec-
essary for the consolidation of a defeat-related memory.

We analyzed animals with misplaced cannula as anatomi-
cal controls, and the majority of these animals had injections
into the endopiriform claustrum, piriform cortex, and lateral
ventricles (Fig. 3; Supplemental Table 1). In animals with bilat-
eral injections outside the BLA there was no significant effect of
az-antiplasmin on the total time in the nest zone (F »g) = 0.25,
P =0.623), although there was a main effect of defeat (F 55 =
13.49, P=0.001). Likewise, there was no significant effect of
az-antiplasmin on total time in the interaction zone in animals
with bilateral misses (F(; 2g)=0.85, P=0.366), although there
was a main effect of defeat (F;,28) = 15.12, P =0.001). In other
words, defeated, aj-antiplasmin treated animals with bilateral
misses spent more time in the nest zone and less time in the inter-
action zone than nondefeated animals. These results indicate that
the ability of a,-antiplasmin to reduce defeat-induced social
avoidance requires injection within the BLA.

Altogether, our findings suggest that inhibiting the conver-
sion of proBDNF into mBDNF immediately following social defeat
disrupts the consolidation of a defeat-related memory. These re-
sults suggest a critical role for mBDNF activity within the BLA un-
derlying memory for acute traumatic events. Similar cellular and
molecular mechanisms within the BLA likely regulate responses
to acute social defeat in several rodent species. We found that
the majority of defeated, saline-treated mice displayed robust so-
cial avoidance 24 h after social defeat. This defeat-induced change
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Subjects were bilaterally implanted with 26-gauge guide cannula and received infusion of a-antiplasmin (300 ng in 0.1 L sterile saline) or

saline into the BLA immediately following social defeat or empty cage exposure. (A) A diagram of the subject’s home cage during social avoidance testing.
The dotted lines represent the nest zone and interaction zone. (B) Defeated, saline treated animals spent more time in the nest zone compared
with defeated, a,-antiplasmin treated animals. (C) Defeated, saline treated animals spent less time in the interaction zone compared with defeated,
az-antiplasmin treated animals. (D) Defeated animals made fewer contacts with the box in the target present condition compared with nondefeated
controls. Data are shown as mean + SEM. *Indicates a significant drug x defeat interaction (P < 0.05). **Indicates a significant main effect of defeat

(P<0.001).

in social motivation is similar to the avoidance and submissive/
defensive behavior displayed by Syrian hamsters after acute social
defeat (McCann et al. 2014; Clinard et al. 2015). Other studies us-
ing mice indicate that three 2-min social defeat encounters lead to
avoidance of odor for familiar aggressors as well as increased c-Fos
in the BLA, medial prefrontal cortex, and CA1 layer of the hippo-
campus (Bourne et al. 2013). In Syrian hamsters, a single social de-
feat increases c-Fos in several brain regions including the BLA,
CeA, medial amygdala, and bed nucleus of the stria terminalis
(BNST) (Markham et al. 2010), and the conditioned defeat re-
sponse is regulated, in part, by BDNE-TrkB signaling in the BLA
(Taylor et al. 2011). Similarly, in Sprague-Dawley rats, four social
defeat episodes at 72 h intervals have been shown to increase
BDNF mRNA in the BLA, although BDNF protein levels were
decreased (Fanous et al. 2010). Interestingly, in this rat model
of social defeat stress aggressive encounters are stopped after
losers display a full supine posture and thus the defeat experience
is of low intensity (Tornatzky and Miczek 1993). Altogether these
findings suggest that the BDNF activity in the BLA is a critical fac-
tor regulating responses to acute and/or low intensity social de-
feat stress.

BDNF signaling also regulates changes in anxiety-like and
depression-like behavior following chronic social defeat stress.
Following 10 d of chronic social defeat, susceptible mice exhibit
increased firing rates of ventral tegmental area (VTA) dopaminer-
gic neurons and increased release of BDNF into projection regions
including the NAc (Berton et al. 2006; Krishnan et al. 2007). While
these studies did not differentiate proBDNF and mBDNF, they in-
dicate that susceptible, but not resistant, mice exhibit enhanced
BDNF activity in a VTA to NAc pathway. Also, chronic social defeat
models have used a subthreshold defeat experience when examin-
ing treatments that may promote susceptibility. Three, 5-min so-
cial defeats with a 5-min rest period between each defeat episode
fail to produce social avoidance 24 h later (Krishnan et al. 2007;
Christoffel et al. 2011), although acute optogenetic stimulation
of the VTA-NAc pathway does lead to social avoidance (Wook
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Koo et al. 2016). The procedure used in our study differs from
the subthreshold defeat experience insofar as we used three,
2-min social defeats with a 2-min rest period between defeats.
We also used a 10-min social interaction test (5-min target absent
and 5-min target present) in the home cage rather than a 5-min
test in a neutral arena. However, the testing arena may have a
limited effect on defeat-induced social avoidance as we found
that defeated mice exhibit robust social avoidance in both home
cage and neutral arena testing environments (Supplemental
Figure 1). In any case, other social defeat models in mice have
used a repeated defeat procedure, in part, to overcome the vari-
ability of acute social defeat. In C57 mice, four social defeat epi-
sodes per day for two consecutive days lead to social avoidance
that persists for at least 30 d (Meduri et al. 2013). In California
mice, one social defeat episode per day for three consecutive
days leads to long-lasting social avoidance and increased
mBDNF expression in the anterior BNST in females, but not males
(Greenberg et al. 2014).

BDNF-TrkB signaling in the BLA and hippocampus is known
to regulate the synaptic plasticity controlling the acquisition
and extinction of conditioned fear. In rats, TrkB receptor activity
in the BLA is necessary for the acquisition of a fear memory
(Rattiner et al. 2004), as well as the consolidation of a stable ex-
tinction memory (Chhatwal et al. 2006). BDNF protein within
the dorsal hippocampus is also necessary for the consolidation
of contextual fear memories (Lee et al. 2004). Treatments that pre-
vent the conversion of proBDNF to mBDNF, as well as those that
block TrkB receptors, have been shown to decrease LTP in hip-
pocampal slices (Figurov et al. 1996; Mizutani et al. 1996; Kang
et al. 1997; Pang et al. 2004). Overall, our findings support the
“yin and yang” model of neurotrophin action and suggest that
az-antiplasmin injection may have impaired the consolidation
of a defeat-related memory by reducing mBDNEF-TrkB signaling
in the BLA. Alternatively, the decreased proteolytic cleavage
of proBDNF could have impaired memory consolidation by pro-
ducing an excess of proBDNF and led to increased LTD via a
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Figure 3. Histological localization of bilateral hits and misses. The dis-
tances shown for each coronal section are relative to bregma. Black
circles represent approximate injection sites within the BLA; open circles
represent injection sites for anatomical controls. Schematic drawings of
coronal sections of the mouse brain adapted from the atlas of Franklin
and Paxinos (1997) with permission from Elsevier 1997.

proBDNF-p75N™ signaling pathway (Woo et al. 2005). While
post-training drug injections target memory consolidation, future
studies with as-antiplasmin injection outside of a memory con-
solidation time window would be necessary to rule out retrieval
processes. Nevertheless, ay-antiplasmin likely impaired the for-
mation of defeat-induced memories because it prevented the
ability of plasmin to cleave proBDNF into mBDNEF. Although «a5-
antiplasmin is an endogenous compound that is highly selective
for plasmin, it is worth nothing that a,-antiplasmin also inhibits
enzymes such as chymotrypsin and trypsin (Potempa et al. 1988).
Finally, although the primary role of plasmin is to cleave proBDNF
into mBDNEF, it may also cleave the NR1 (Samson et al. 2008) and
NR2A (Yuan et al. 2009) subunits of NMDA receptors, as well as
matrix metallopeptidase-9 (Van den Steen et al. 2002).

Our data are also consistent with previous research suggest-
ing that proBDNF is released and processed extracellularly in the
hippocampus (Mowla et al. 1999, 2001). Because we found that
social defeat leads to increased expression of mBDNF, but no
change in proBDNEF, it is possible that social defeat stress increases
the proteolytic cleavage of proBDNF. Others have shown that
social defeat increases BDNF mRNA (Taylor et al. 2011), however
we did not find a change in the expression of proBDNF in the
BLA/CeA complex. It is possible that an increase in proBDNF
production was offset by increased conversion into mBDNF.
Alternatively, animals may have a large reservoir of proBDNF pro-
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tein, which obscures defeat-induced changes in protein expres-
sion. In addition, ay-antiplasmin may act as an endogenous
modulator of memory and anxiety-related behavior. Knockout
of the ay-antiplasmin gene results in deficits in spatial memory
in a Morris water maze, impairs learning in both contextual
and cued fear conditioning tasks, and induces anxiety-like be-
havior in an open field and light-dark transition test (Kawashita
et al. 2014). Further research is needed to determine whether
experience-dependent changes in endogenous a,-antiplasmin ac-
tivity can modulate BDNF signaling and subsequent changes in
behavior.

In sum, social defeat increases the expression of mBDNF in
the BLA/CeA complex, and infusion of as-antiplasmin into the
BLA immediately following social defeat reduces social avoidance.
These data suggest that blocking the conversion of proBDNF into
mBDNF in the BLA disrupts the consolidation of defeat-related
memories. Finally, these results suggest that the BDNF proteolytic
pathway is a novel target for modulating emotional memories and
treating stress-related psychiatric disorders.
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